One type of activated carbon fibre with a high micropore content was used to separate chloromethane mixtures and recover dichloromethane, chloroform and carbon tetrachloride. The adsorption process (which was accompanied by a temperature change of the activated carbon fibre bed) and the desorption process were investigated by the application of fixed-bed techniques. Two interesting and important phenomena were observed: (i) displacement between the adsorbates; and (ii) agreement in time between the breakthrough of the adsorbate and the temperature change of the activated carbon fibre bed. The recovery rate was greater than 96% and the cyclic process took ca. ½ h to complete, both being satisfactory from an industrial viewpoint. The effect of the current blank velocity on the adsorption capacity and obstruction of the activated carbon fibre bed were also investigated in order to provide fundamental data for industrial application.
INTRODUCTION
Activated carbon fibres have received increasing attention during recent years as adsorbents for air and water purification and for industrial separations (Suzuki 1994; Brasquet et al. 1998) . Activated carbon fibres (ACF) possess unique characteristics in comparison to granular activated carbons. Thus, as a result of the small diameters of the fibres (typically between 1 and 100 mm), ACF exhibit much faster adsorption kinetics with the breakthrough profile of the ACF bed being much steeper than that for a conventional granular activated carbon bed (Jagtoyen et al. 1998) , thereby indicating that a more efficient adsorption process had occurred. Furthermore, because ACF have a more homogeneous pore structure (mainly microporous), capillary condensation does not normally take place. This leads to a more complete desorption in ACF beds than in granular activated carbon beds. Application of ACF could lead to smaller adsorption units and a more effective recovery of components.
The present work describes a preliminary experimental inspection of an industrial process comprised of the following procedures: the adsorption of monochloromethane (CH 3 Cl), dichloromethane (CH 2 Cl 2 ), chloroform (CHCl 3 ) and carbon tetrachloride (CCl 4 ) from a gaseous mixture on to ACF (when the breakthrough concentration of CH 2 Cl 2 exceeded 1.37 vol%, the ACF was considered invalid); desorption from the ACF using steam; recovery of desorbed CH 2 Cl 2 , CHCl 3 and CCl 4 . Data regarding the saturation adsorption capacity, the effective capacity and the time of adsorption, and the temperature change in the ACF bed were obtained during the experimental procedure. In order to provide detailed reference data for industrial application, the effect of the blank current velocity on the adsorption capacity and obstruction of the ACF bed were also studied employing methane and air currents.
An interesting phenomenon observed was the displacement of previously adsorbed CH 3 Cl by CH 2 Cl 2 and the displacement of previously adsorbed CH 2 Cl 2 by CHCl 3 . Another was the temperature change occurring in the ACF bed during the adsorption process. Scrutiny of the breakthrough curves showed that breakthrough of CH 3 Cl and CH 2 Cl 2 accompanied such temperature increase.
EXPERIMENTAL
Some physical properties of the adsorbent (ACF-1500, Liaoyuan Chemical Materials Company) as measured by the use of an Omnisorp-360 CX instrument (Coulter Company, USA) are summarised in Table 1 . The activated carbon fibre was characterised by nitrogen adsorption studies conducted at -196ºC.
The adsorbate employed in these studies was a chloromethane mixture whose composition is given in Table 2 where each component is given in vol% units.
Figures 1 and 2 depict schematic diagrams for the adsorption and desorption experimental setups, respectively. A thermocouple was inserted into the end of the fixed bed in order to measure the temperature changes occurring during the process, the breakthrough concentrations being analysed by means of an HP6890 gas chromatograph fitted with an HP Prapac Q-packed column and an FID detector. Because CH 2 Cl 2 , CHCl 3 and CCl 4 are liquids at ambient temperature (19-20ºC), they were mixed at a calculated ratio and injected into the mixing chamber at a constant rate employing 10 × 2 or 5 × 2 Total pore volume (cm 3 /g) a 0.7756 Micropore volume (cm 3 /g) a 0.7671 BET surface area (m 2 /g) 1681 a Applying the micropore method (Mikhail et al. 1968 ). a micro-liquid injection pump and then vaporised in the CH 4 + CH 3 Cl current. Although the ACF bed is usually thought to be useless when the breakthrough concentration of CH 2 Cl 2 approaches 1.37%, the adsorption process was investigated until CHCl 3 or CCl 4 breakthrough occurred in order to observe and study the adsorption process more comprehensively. The adsorption capacity at saturation was obtained from the weight difference between the ACF bed before and after adsorption. The chloromethane mixtures were desorbed from the ACF bed using steam which allowed regeneration of the bed. Liquid CH 2 Cl 2 , CHCl 3 and CCl 4 were collected from the effluent. 
RESULTS AND DISCUSSION
The effective adsorption capacity, i.e. the amount adsorbed when the breakthrough concentration of CH 2 Cl 2 had attained a value of 1.37%, was first examined. The breakthrough curves and the corresponding experimental conditions are shown in Figure 3 , from which it is seen that the effective adsorption time was 46 min with an effective adsorption capacity of 98.6%, i.e. very near to the saturated adsorption capacity of 104%. Figure 4 shows the temperature change of the activated carbon fibre bed under the same conditions as depicted in Figure 3 , the shape of the curve depicted clearly indicating that the temperature increased as adsorption progressed. In fact, two peaks are depicted in Figure 4 , the first temperature maximum coinciding with the breakthrough time for CH 3 Cl while the second maximum occurred at the breakthrough time for CH 2 Cl 2 . It will be noted that the height of the second maximum was greater than that of the first, in agreement with the adsorption heats for the two components listed in Table 3 .
From a combination of Figures 3 and 4 , it is possible to ascertain that the first temperature peak is caused by the breakthrough of CH 3 Cl while the second is associated with the breakthrough of CH 2 Cl 2 . The second peak is greater than the first since more heat is evolved during the adsorption of CH 2 Cl 2 than CH 3 Cl. Figures 5 and 6 demonstrate that the same phenomenon occurred under different experimental conditions. This behaviour is very interesting and important from an industrial viewpoint since it means that measurement of the temperature change in the tail of the activated carbon fibre bed can be used to predict the breakthrough of CH 2 Cl 2 if instrumental methods of analysis are unavailable. This could mean greater time and money saving.
At the same time, a displacement is also observed in Figures 3 and 5 between the breakthrough times for CH 3 Cl and CH 2 Cl 2 . Thus, the camel hump-shaped peak in the breakthrough curve of CH 3 Cl indicates that the breakthrough concentration of CH 3 Cl was greater than the initial concentration. This leads to two effects: (i) CH 3 Cl is the first component to breakthrough while the other components are still adsorbed on the ACF, thus causing the tail gas to be composed solely of CH 4 and CH 3 Cl and increasing the relative vol% of CH 3 Cl (the increase in this case being 22.69% -19.49% = 3.20%); and (ii) displacement of CH 3 Cl by CH 2 Cl 2 (the increase in this case being 28.5% -22.69% = 5.81%). Because CH 2 Cl 2 is more strongly adsorbed than CH 3 Cl, it has a greater ability to occupy a given adsorption site (Mikhail et al. 1968; Yoon et al. 1991 Yoon et al. , 1992 thereby displacing CH 3 Cl and ultimately causing all of this component to move out of the ACF bed. This displacement phenomenon is helpful from an industrial viewpoint in separating CH 3 Cl from chloromethane mixtures.
The influence of the blank velocity on the adsorption of chloromethane mixtures was also examined. The results obtained are listed in Table 4 . It will be seen from the data that the influence of the blank velocity on the adsorption capacity of the ACF studied was not particularly significant since adsorption occurred quite rapidly on the microporous ACF (Jagtoyen et al. 1998) . From an industrial viewpoint, a blank velocity of 600 h -1 would appear to be the best option in that it saves time whilst still maintaining a high effective adsorption capacity.
Obstruction of the activated carbon fibre bed during the flow of methane or air currents at different velocities was examined to provide data for industrial processes. The results obtained are depicted in Figures 7 and 8 which show that the correlation between bed obstruction and flow velocity was linear both with air and methane, with the obstruction increasing with increasing velocity.
Finally, desorption using steam for the recovery of CH 2 Cl 2 , CHCl 3 and CCl 4 was examined. In this case, the rate of desorption was equal to the mass of the liquid mixture of the three components divided by the effective amount adsorbed. Because the liquid chloromethane mixture was collected together with condensed water, plus the fact that such a mixture is slightly soluble in water, it was difficult to calculate the precise desorption rate. However if the amount of the chloromethane mixture dissolved in water was ignored, desorption was possible up to 96% thereby indicating that desorption from the ACF bed was almost complete. This result was supported by additional experiments in which no chloromethanes were detected in the tail gas when the ACF bed was dried by hot air after steam desorption. 
CONCLUSIONS
The activated carbon fibre employed was shown to separate CH 3 Cl from chloromethane mixtures by adsorption, with the CH 2 Cl 2 , CHCl 3 and CCl 4 adsorbed being desorbed successfully through the use of steam. Such displacement of CH 3 Cl by CH 2 Cl 2 would be advantageous in separating CH 3 Cl from chloromethane mixtures. Breakthrough of CH 3 Cl and CH 2 Cl 2 was accompanied by an increase in the temperature of the ACF bed, measurement of the temperature curve allowing breakthrough of the corresponding substances to be monitored. The adsorption process may be switched to desorption when the second peak in the temperature curve begins to appear. This method is both economical and time-saving. The use of steam for desorption allowed recovery of liquid CH 2 Cl 2 , CHCl 3 and CCl 4 , a desorption extent greater than 96% indicating that the process was virtually complete. This is a considerable advantage over the use of granular activated carbon since both adsorption and desorption occurred more rapidly in an ACF bed than in a granular activated carbon bed.
